i' . Single-unit activity was recorded from the superior colliculus (SC) of monkeys trained to look to visual targets presented on an oscilloscope screen. On one task, target localization required that information concerning the retinal position of the target be combined with information concerning current or future eye position. This task also permitted a dissociation between the site of retinal stimulation and the metrics of the saccade triggered by the stimulation.
2. Vigorous visual responses of superficial SC neurons may occur that do not result in the activation of underlying saccade-related cells. The activity of these neurons signals the occurrence of a visual stimulus, whether or not the stimulus is selected for fovea1 viewing.
3. Saccade-related (SR) discharges of most intermediate and deep-layer SC neurons precede saccades with particular vectors, regardless of the region of retinal activation initiating the saccade. The discharge of these neurons is tightly coupled to saccade onset, even if changes in eye position have occurred since target appearance. Thus, the discharge of these SR neurons must occur after retinal error and eye-position signals have been combined to compute the necessary saccade vector. For most SR neurons, direct retinal activation of overlying visual neurons had no effect on either the vigor or probability of a SR discharge. The discharge of overlying visual cells is neither necessary nor sufficient to activate mo.st SR cells.
4. The discharge of some SR cells is dependent on prior activation of overlying visual cells. Of 53 SR cells, only 3 were completely dependent on visual stimulation, while another 8 discharged less vigorously if corresponding visual activation failed to occur.
5. About one-quarter of the SR cells showed long-lead preburst activity. This activation was characterized by a low level of firing, which began after the saccade signal and continued until a saccade-linked burst occurred.
6. Cells were isolated that were visually responsive yet discharged prior to saccades in the absence of appropriate retinal stimulation. No component of the discharge of these quasi-visual (QV) cells appeared to be motor in the usual sense. The activity of these neurons appears to reflect eyeposition error (the difference between actual and desired eye position) and to hold this information in spatial register until a saccade occurs or is canceled.
7. It is concluded that the presumed linkage, implied in earlier versions of the foveation hypothesis, between the superficial layers (receiving direct retinal inputs). and the deeper layers of the SC is not necessary for the activation of SR neurons. Results suggest that the SC must generate or receive a signal that combines retinal error and eye-position information. These findings are discussed in terms of current models of the saccadic-control system.
INTRODUCTION
Schiller and Koerner (15) hypothesized that one function of the superior colliculus (SC) is to code the location of a visual target relative to the fovea and to trigger a saccade that will produce fovea1 acquisition of the target. Evidence for this hypothe-sis is derived, primarily, from chronic microelectrode and electrical stimulation experiments in the monkey. Neurons in the superficial layers of the SC discharge in response to visual stimuli in the contralateral visual field (3, 6, 7, 15, 16, 25) . Below these cells, in the intermediate and deeper layers, neurons are found that discharge before saccades with specific amplitudes and directions (11, 15, 16, 21, 24, 25) . Electrical stimulation of the deeper layers elicits short-latency saccades corresponding to the movement fields (the range of eye movements that alters the discharge frequency of a neuron) of cells recorded at the stimulation site (16). The map of the movement fields of the deeper neurons corresponds to the retinotopic map of the receptive fields of the overlying visual neurons (12). Visually triggered activity in the superficial layers is assumed to activate corresponding regions of the deeper layers and, thereby, to produce a saccade that brings the fovea1 projection onto the region of the visual field containing the target. According to this hypothesis, the location of a saccade target is specified as a retinal-error signal (the location of a retinal image with respect to the fovea).
In contrast, recent models of the saccadic-control system (2, 13, 27) assume that saccade target-position signals are in a head or body frame of reference. This assumption is made to account for the findings that, in the dark, the oculomotor system can produce accurate saccades to acquire the source of a sound (26) or the remembered locations of visual targets (1, 10). Hallet and Lightstone (8) demonstrated that a visual target flashed during a primary saccade can be used to elicit a subsequent saccade back to the position of the target in space. Since the position of the eye changed after the flash, the retinal-error signal alone cannot specify current target position. Retinal error must be combined with eyeposition signals (direction and amplitude of the intervening saccade) to compute the coordinates of the acquisition saccade. The major purpose of the present experiment was to monitor the activity of SC neurons in monkeys trained on a modification of the Hallet and Lightstone task. If SC neurons discharge prior to saccades triggered by this task, then the SC must generate or receive a signal that combines retinal error and information concerning current or future eye position.
One consequence of using this task was to disrupt the presumed linkage between visually triggered activity in the superficial layers and saccade-related activity in the deeper layers. Thus, a secondary purpose of the experiment was to examine the functional linkage between superficial and deeper layers of the SC. A preliminary report of these results has been published previously (22).
METHODS

Surgicrrl and record@ procedures
Six rhesus monkeys (Macaca mdatta) weighing from 2.5 to 4.0 kg underwent three sterile surgical procedures under barbiturate anesthesia. First, four stainless steel bolts were implanted in each monkey's skull. A lightweight aluminum frame, attached to these bolts, provided a means of immobilizing the monkey's head during training and recording sessions. In the second surgical procedure, a coil of fine wire was surgically implanted around one eye. This coil allowed eye position to be measured using an electromagnetic search-coil method (5) with a sensitivity of at least 0.25". Following 4-8 wk of behavioral training, a stainless steel receptacle for a microdrive was secured to the skull in the third procedure.
The receptacle was positioned over a Wmm-diameter opening in the skull centered on the midline at stereotaxic zero (anterior-posterior).
During recording sessions, a glass-insulated tungsten microelectrode was advanced into either superior colliculus by means of a remotely operated hydraulic microdrive. Extracellular potentials were amplified by a high-impedance amplifier and filtered above 6 kHz and below 300 Hz. Spike potentials, horizontal and vertical eye positions, and digital codes representing stimulus and response events were recorded on analog magnetic tape.
Behavioral training
Monkeys were kept on a 23-h water-deprivation schedule for 6 days each week. During behavioral training sessions, the monkey, seated in a primate chair, was placed in an electrostatically shielded, sound-attenuated chamber. The head-restraint frame was clamped to a rigid bar, which was, in turn, attached to the frame of the chamber. This allowed the monkey's head to be fixed in the same position in the magnetic field each day and simplified eye-position calibration.
Each monkey was trained to look at a small (0.1") spot on a large-screen oscilloscope for a water reward. The oscilloscope (HewlettPackard 13 10 with P3 1 phosphor or HP 132 1 with P47 phosphor) provided a viewing area of at least 50" (horizontal)
by 40" (vertical) when placed 35 cm from the monkey. The location of the target spot on the screen and the water reinforcement were controlled by a PDP-81 computer.
Details of the computer system and training procedures have been previously described (20, 2 1).
After preliminary training, all monkeys learned two tasks: a single-saccade task and a doublesaccade task. Additionally, three of the monkeys were trained on a visual-probe task and a delayed-saccade task. These tasks were performed under photopic illumination and the target spot was adjusted to be as dim as possible yet still permit adequate tracking performance.
SINGLE-SACC4DE
(0 -+ A) TRIALS.
On single-saccade trials (Fig. lA) , an initial fixation target (0) was presented at the center of the oscilloscope screen. If the target was acquired within 500 ms and fixation was maintained for a variable period (l-3 s), target 0 was extinguished and target A appeared at an eccentric position (usually 5-15" from target 0). If target A was acquired within 500 ms and fixation maintained for 1 s, reinforcement was delivered on a continuous ratio schedule.
DOUBLE-SACCADE
(0 -+ B -C) TRIALS.
After 2-4 wk of training on the single-saccade task, monkeys learned the double-saccade task (Fig. 1C) . In this task, after fixation of the initial target (0) for a variable period, the offset of the center fixation target was followed by successive presentations of targets B and C. The total duration of targets B and C was less than the reaction time of the monkey (i.e., both B and C were off before a saccade occurred). Nevertheless, reward was contingent on making a saccade to position B within 300 ms and a second saccade from B to C before an additional 500 ms elapsed. Thus, two saccades were made in succession; the first from position 0 to B and the second from B to C. Although the double-saccade task is more complex than the single-saccade task, monkeys did not require special shaping or preliminary training.
It was not unusual for a monkey to perform this task properly the first time it was presented. Figure 1 shows how the double-saccade task can be used to dissociate visual and motor activation of SC cells. On single-saccade trials (Fig. IA) , the onset of target A (in the right visual field) will elicit a visual response in the superficial layers of the left SC ( Fig. 1 C, site 1) . Later, . a discharge in the underlying layers will occur ( Fig. 1 C, site 2 ) just prior to the saccade from 0 to A. On double-saccade trials (Fig. lB) , the onset of stimulus B in the left visual field will elicit a visual response in the superficial layers of the right SC at site 1 (Fig. 1D ) . If fixation of 0 is maintained, the onset of stimulus C will then elicit a response in the right SC at site 2. A short time later, a premotor discharge (site 3) will occur in the deeper layers of the right SC prior to the leftward 0 + B saccade. If the sum of the durations of targets B and C is less than about 150 ms, then all visual targets will be off prior to the saccade from 0 to B. A premotor discharge in the left SC (site 4) should precede the rightward saccade from B to C. Since no visual targets appeared in the right visual field, presumably there will be no corresponding visual activation of the left SC.
Typically, on double-saccade trials, the B -j C saccade was in the movement field of saccaderelated neurons and on acquisition of B, target C, if present, was in the receptive fields of visual neurons. However, double-saccade trials were often used in which the B + C saccade was not in the movement field and stimulus C was not in the receptive field of the neuron being studied. These trials provided a control for the nonspecific effects of the double-saccade task. Also, double-saccade trials were used in which target A was in the cell's receptive field when the animal was looking at 0 (0 + B + A trials). This trial allowed visual responsiveness to be assessed in the absence of a direct movement to the target.
A modification of the double-saccade trial was frequently used. On this trial type (0 + B + o), after a variable fixation of the center target (0), target 0 was extinguished and followed by a brief appearance (100 ms or less) of target B. The bar over 0 indicates that target 0 was not relighted, but the monkey is still required to look to the location of 0. The monkeys learned that a brief duration of B required a saccade (0 + B) to position B and a second saccade (B + 0) back to the previous position of target 0 to produce a reward. The B -+ 0 saccade was usually in the cell's movement field. These trials were used to control for oscilloscope persistence since by the time the eyes were directed at B, the initial fixation target (0) would have been off for at least 140 ms (the latency of the monkey to look from 0 to B).
On visual-probe trials, the center fixation target (0) was present for the total duration of the trial. Monkeys were required to maintain fixation of the center target (0) even though another target (A) was presented briefly. The designation of "0 + A" indicates that targets 0 and A appear simultaneously.
Inclusion of this trial type permitted the receptive fields of visually responsive neurons to be plotted in the absence of saccades to acquire the target. Figure 1B shows stimulus and response events on an 0 -+ B + C trial. After fixation of target 0, target 0 was extinguished, target B appeared for 100 ms, and finally, target C appeared for 50 ms. Targets B and C were in the left visual field. After target C was extinguished, a saccade was made to location B and was followed by a saccade from B to C. Note that the saccade from B to C had the same direction On delayed-saccade trials, the animal was target 0 but the trial was terminated, without permitted 500 ms to acquire the initial center reinforcement, if the animal failed to maintain target (0). After a variable-fixation interval, a fixation of target 0. After another variable delay, target 0, but not target A, was extinguished. If an 0 + A saccade occurred within 500 ms and was followed by a l-s fixation of A, reinforcement occurred. This delayed-saccade task was used to test for the presence of visual and saccade-related discharges.
Since the visual response of most SC neurons is phasic, usually the visual and motor components of a discharge could be separated by requiring a delay between target onset and the acquisition saccade.
Dcrtu collection crnd crnrrlysis s
Whenever an SC cell was isolated and appeared to be stable, its receptive and/or movement field was determined using single-saccade (0 + A) or delayed-saccade (0 + 0 + A + A) trials in which the position of A was varied systematically.
Next, a series of double-saccade (0 + B + C or 0 + B + 0) trials was intermixed, randomly, with single-saccade (0 -+ A, 0 + B, and 0 + C) trials. The duration of targets on double-saccade trials was varied. For most cells, several different positions were used for targets A, B, and C, although the vector between targets B and C was usually the same as that of 0 and A. Typically, data from IO-20 replications of each trial type were collected. For most cells, the receptive or movement field was then replotted.
Frequently, the data from one cell consisted of over 500 trials and required l-2 h to collect.
Only data from cells that remained stable for a relatively complete experimental series are reported.
Computer-generated plots of instantaneous spike frequency, the reciprocal of interspike interval (measured to the nearest 100 ps), horizontal and vertical eye position, and target onset and offset were obtained for each trial. Single-trial plots are used to illustrate the properties of the neurons examined since averaged histograms tend to obscure the relationships between neuronal events (i.e., the onset, offset, and peak instantaneous frequency) and saccade and target events. Generally, the trials shown are representative of at least 10 similar trials.
Electrode localizution
Electrode location in the rostrocaudal and medial-lateral planes was estimated by comparing the plots of movement (receptive) fields with readings from the X-Y micropositioner.
The well-defined retinotopic organization of the SC allowed the movement (receptive) fields of cells that would be encountered at any X-Y coordinate to be predicted with reasonable accuracy. Electrode depth was estimated by recording the microdrive micrometer reading at which the first SC activity was observed and again whenever a cell was recorded. On the last week of recording from an animal, from one to three small electrolytic lesions were made at the location of cells of interest. Coronal sections of the SC stained with cresyl violet allowed these sites to be localized. Lesion sites were used with microdrive readings to reconstruct electrode placements.
RESULTS
Complete data were obtained for 108 SC neurons. Based on responses on both single-and double-saccade trials, these cells were placed in one of four major categories. The criteria for placing cells in each category are described below.
Visual cells
Neurons placed in this category met the following criteria: 1) each displayed a discharge tightly coupled to the onset of a stimulus in the receptive field; 2) they did not show any saccade-related discharge; and 3) they did not fire on those doublesaccade trials in which no stimulus appeared in the receptive field. Seventeen cells met these criteria. Most visual cells were among the first cells encountered on entering the SC.
The response of a typical visual cell is shown in Fig. 2 . This cell was encountered within the superficial layers of the right SC. Figure 2A is a schematic representation of the cell's receptive field (circle) and target positions (0, A, B, and C). The target locations are given in polar coordinates (6, angle; R, radius) with target 0 as the origin. On single-saccade (0 + A) trials with target A in the receptive field, a vigorous burst of neuronal activity occurred about 80 ms after target A onset (Fig. 2C ). This relatively long latency is probably the result of the use of a very low-contrast target since brighter targets yielded shorter latency responses. The timing of the burst was always closely linked to stimulus onset, not to saccade onset. The burst of activity also occurred on 0 + 0 + A + 0 visualprobe trials in which no saccade occurred.
On double-saccade (0 + B -+ C) trials in which the B -+ C saccade was equivalent to the 0 + A saccade, no alteration in spike activity was observed if targets B and C were off before the saccade to B occurred (Fig. 2B) . If, when the monkey looked at position B, target C was still on and in the cell's receptive field, a discharge occurred about 70 ms after the acquisition of target B (Fig. 20) . These responses are expected of cells that respond only to the appearance clearly associated with saccade onset; and of a stimulus in the receptive field. The 2) visual responses, if present, were weak occurrence of a sac&de alone is not suf-(e.g., three spikes) and the receptive field ficient to activate these cells.
was much smaller than the movement field. the B -+ 0 saccade was equivalent to the Figure 3 shows the response of a typical 0 +A saccade, a similar neural discharge SR cell. Figure 3A is a schematic representawas obtained (Fig. 3B ). Figure 30 shows tion of the. target locations and movement a double-saccade (0 -+ B + 0) trial in field. On single-saccade (0 + A) trials, which the target at B was a signal to make a this cell showed a vigorous burst of activity saccade from 0 to B and then back to 0. The beginning about 20 ms before a saccade to B + 0 saccade was accompanied by a the middle of the movement field (Fig. 3C) .
neural discharge equal to that seen in the saccade onset. Extensive testing yielded no evidence that any component of the cell's discharge was related to stimulus onset. However, on double-saccade (0 * B -C) trials in which all targets were off before the monkey looked away from 0, the vigorous SR burst was absent, even though the B + C saccade was equivalent to the 0 +A saccade (Fig. 4B) . Figure 40 shows that the SR burst was contingent on a direct visual target for the saccade. On this 0 + B + C trial, the target at C was still present after the monkey looked to position B. A burst of activity was obtained that was comparable to that observed on 0 + A trials. The SR burst was not dependent on the target being on at the onset of the saccade. On the trial shown in Fig. 40 , target C was turned off about 140 ms before the saccade to C. The discharge of these SR cells is clearly dependent on the presence of a visual stimulus that is the direct target of a saccade.
The discharge of 8 of the 53 SR cells was only partially dependent on a visual stimulus. Typical results for such a cell are shown in Fig. 5 . Saccades in the cell's movement field were preceded by a burst of spikes on 0 -+ A trials (Fig. 5A ). These neurons did not, appear to have a visual receptive field. Figure 5C illustrates an 0 -j B + A control trial in which target A (in the receptive field) appeared while the monkey looked at 0, but an 0 + A saccade was not required. Rather, the task required an 0 + B saccade followed by a B + A saccade. The absence of neuronal activity on this trial indicates that this cell was not visually activated by target A. Figure 5B shows an 0 -+ B + C trial in which all targets were off before the 0 -+ B saccade. The B -j C saccade was equivalent to the 0 + A saccade, but the spike burst accompanying the B + C saccade was much less vigorous than the burst accompanying the 0 --+ A saccade. However, if target C remained on until the monkey looked to position B, the discharge preceding the B -+ C saccade was comparable to the discharge seen on 0 + A trials (Fig. SD) . The discharge of this cell was partially dependent on a direct visual target since it fired more vigorously when a saccade was made to such a target.
Of the 53 SR cells, 14 showed activity that sometimes preceded the saccade by several hundred milliseconds on doublesaccade trials. The duration of this long-lead activity was roughly proportional to the delay between the signal to make a saccade and saccade onset. Figure 6A shows a delayed-saccade (0 -+ 0 + A + A) trial in which the monkey was required to maintain fixation of 0 for the first 300 ms after target A was turned on. A weak visual response followed by a brisk SR discharge was observed on this trial. On doublesaccade (0 -+ B -+ 0) trials in which the brief (80 ms) presentation of B was a signal to make a saccade from 0 to B and then from B to 0, about 200 ms of low-level activity preceded the SR burst (Fig. 6B) . A similar long-lead preburst discharge is shown (Fig. 60) for another trial in which the 0 + B, B + 0 intersaccadic interval was longer. On this trial, the preburst activation began about 300 ms before the B -+ 0 saccade. Figure 6C shows a missed double-saccade (0 -+ B + 0) trial, which indicates that the preburst activity was not due to the 0 -+ B saccade alone or to visual activation of the cell while the monkey looked at position B.
Some SR cells never showed significant preburst activity (see Fig. 3 ). Other cells often showed long-lead preburst activity on 0 + B + C trials and occasionally on an 0 + A trial. The preburst duration was roughly proportional to the delay between the signal to make a saccade and saccade onset, although the onset of the preburst activity was not tightly coupled to either the signal to make a saccade or to saccade onset. Since this pattern of activity tends to occur when saccades are delayed, the number of long-lead SR cells may be underestimated.
Visuul-motor cells
Cells characterized as visual-motor had the following properties:
2) they produced a vigorous discharge in response to a stimulus in their receptive field, 2) they also showed a clear SR discharge, and 3) the visual response was eliminated and the SR response was retained on double-saccade trials in which no target appeared in the receptive field. Fifteen cells were placed in this category. Cells with these response properties were typically isolated beneath the visual cells and above SR cells. Activation of a partially visually dependent saccade-related cell. A shows an 0 -+ A single-saccade trial. This saccade to A was in the cell's movement field (0 = 340", R = 5') and was preceded by a highfrequency burst of activity. C shows that no activity was elicited during 0 --+ B --+ A trials in which target A appeared while the monkey looked at location 0. Thus, there was no visual response to a target at A. B shows that the response was attenuated if a target failed to appear in a location corresponding to the saccade vector. Note that all targets were off before the'0 --+ B saccade and that the B -+ C saccade was almost identical to the 0 -+ A saccade. D shows that the absence of a direct-saccade target was responsible for the reduced neuronal response. If target C remained on after the monkey looked to position B, a normal burst preceded the subsequent B -+ C saccade.
A B A weak visual response (three spikes) occurred about 100 ms after target A onset. Target A remained on for 300 ms before target 0 was extinguished and a saccade to A occurred about 200 ms after the signal to move was given. A vigorous burst of activity, beginning no more than 50 ms before saccade onset, preceded the 0 -+ A saccade. B shows an 0 -+ B ---+ 0 trial in which an 80-ms target at B was a signal to look to B and then back to 0. The B -+ 0 saccade was preceded by nearly 200 ms of low-level activity before the saccade-related burst. The 0 --+ A saccade shown in A was comparable to this B -+ 0 saccade but was not accompanied by long-lead activation. C shows that the low-level activity was not due to the 0 to B saccade or to any visual factors that might have been present while the monkey was looking at location B. D shows another 0 -+ B -+ 0 trial in which the return saccade was delayed and was somewhat less accurate. Examination ofB and D reveals that the onset of the long-lead activation was not tightly linked to either stimulus or response events.
response makes further categorization difsaccade trials, these neurons produced a ficult, five of these cells appeared to show sustained response to the presence of a long-lead SR activation on some trials. 7. Discharge patterns of a quasi-visual (QV) cell. A shows the response of this cell to the appearance of a target in its receptive field at A (0 = 210", R = 15"). C shows an 0 --+ 0 + A --+ A saccade trial in which the saccade was delayed because of the continued appearance of target 0. On both trials, the onset of neuronal activity was closely linked to stimulus onset and there were no obvious saccade-associated changes in spike rate. D shows an 0 -+ B --+ 0 trial in which all targets were off before the monkey looked from the fixation point. The B -+ 0 saccade was similar to the 0 -+ A saccades in A and C. Shortly after the monkey looked to location B, the cell began to fire and continued through the return saccade. B shows that the activation of this cell was not due to the 0 -+ B saccade or to visual activation of the cell while the eyes were directed at B.
response events. Twenty-three cells were observed that showed these properties. These were not the most superficial cells encountered, but tended to be above most SR cells. However, some quasi-visual (QV) neurons were isolated at the level of or slightly below the first SR cells.
On single-saccade trials, QV neurons appear to be visual neurons producing a sustained response to stimuli in the receptive field. Figure 7A shows the typical response of a QV cell on 0 -+ A trials. An abrupt increase in activity was observed about 70 ms after the onset of a visual target in the receptive field. saccadic latencies clearly indicated that the discharge was tightly coupled to stimulus onset rather than saccade onset. On delayedsaccade (0 -+ 0 + A -+ A) trials, the increase in spike activity was closely associated with target onset, not saccade onset, and the activity continued until just after the 0 * A saccade (Fig. 7C) . Since on single-saccade and delayed-saccade trials the saccade to A removed target A from the receptive field, these neurons appeared to respond in a sustained manner to a visual stimulus. Figure 8 illustrates the discharge of QV cells on visual-probe (0 + 0 + A --+ 0) trials with a brief (50 ms) target duration (Fig. 8B) and with a longer (400 ms) duration (Fig. SD) . On both trials, the cell started firing about 80-90 ms after target A onset and ceased firing about 200 ms after target offset. Thus, the duration of the spike discharge was roughly proportional to stimulus duration. Note that on visualprobe trials, QV cells discharged in response to visual stimuli in their receptive field, even if a saccade to acquire the stimulus did not occur. The sustained response to stimuli in the receptive field typical of QV cell activity on single-saccade trials is shown in Fig. 8A . The discharge occurring on double-saccade (0 --+ B -+ 6) trials, an identifying feature of QV cells, is illustrated in Fig. 8C .
Unlike visual cells, QV cells discharge on double-saccade trials even though a visual stimulus does not appear in the receptive field. Figure 70 shows the response of a QV cell on a 0 + B + 0 trial in which the B --+ 0 saccade was equivalent to the 0 -+ A saccade. Targets B and 0 were at least 25 and lo", respectively, from the edge of the visual receptive field. The durations of the targets at B and 0 were so brief (80 ms each) that all targets were off before the onset of the 0 + B saccade. Even though a target did not appear in the cell's receptive field, the cell began to discharge just after the monkey looked at position B and continued through the return saccade to 0. The neural response on 0 + B -+ 0 trials was not an artifact caused by oscilloscope persistence or by stray images being moved into the receptive field following the 0 -+ B saccade. This is shown by Fig. 7B , which demonstrates that no activation of this cell occurred on 0 + B saccade trials.
The initial 0 -+ B saccades are virtually identical in Fig. 7B and D. A stray image (e.g., a reflection or part of the apparatus) being moved into the receptive field would activate the cell on an 0 -+ B trial as on an 0 + B + 0 trial. Furthermore, the response on the 0 + B + 0 trial could not be due to oscilloscope persistence since the fixation point at 0 was turned off 250 ms before the monkey looked to B in the 0 + B + 0 trial (Fig. 70) and only 170 ms before the monkey looked to position B in the 0 + B trial (Fig. 7B ) . Additional arguments that the discharge of QV cells on double-saccade trials cannot be attributed to oscilloscope persistence are given in the DISCUSSION.
The onset of the QV response occurring on double-saccade trials is not tightly coupled to either the occurrence of visual stimuli or to saccade onset. Note, for example, in Fig. 8C that the QV cell discharge began approximately 250 ms after the offset of all visual stimuli (see also Figs. 70 and SC). The discharge of QV cells is not tightly coupled to saccade onset since vigorous discharges occur in the absence of saccades ( Fig. 8B and 0) . A further dissociation of QV cell activity from 'saccades to acquire a target is illustrated in Fig. 9 . Figure 9A and C shows that this cell, like other QV cells, discharges on both single-and double-saccade trials. There was no significant change in neuronal activity on the 0 + B control trial. The probability of a saccade to position A was manipulated by varying the duration of targets on 0 -+ A + 0 trials. At relatively long durations of A (80 ms), the monkey usually looked to A and then back to 0. With very short durations of A (40-60 ms) and longer durations of 0 (80 ms), the monkey looked to A on some trials and continued to fixate 0 on other trials. When short durations of target A produced a saccade to A, the onset of these saccades was usually delayed (400-700 ms) when compared to normal 0 + A saccade latenties (150-200 ms). Figure 9B shows a trial in which a 50 ms duration of A and an 80 ms relighting of 0 resulted in a saccade from 0 to A with a long latency (450 ms). This cell began to fire about 90 ms after the onset of target A and continued to discharge until sometime after the saccade to A. Figure 9D shows a similar 0 + A + 0 trial in which a 40 ms duration of A did not result in a saccade to A. Again, this cell began to discharge about 90-100 ms after target A was turned on and continued to fire for about 800 ms. The cell's activity returned to baseline level about the time the monkey looked away from position 0 (but not to target A). Similar results were obtained with at least eight other QV cells. A sustained response to a brief stimulus was often seen on trials in which the stimulus timing resulted in a saccade about half of the time. The sustained response can be dissociated from a saccade to the target location.
From these results it appears that the discharge of QV cells can be initiated or maintained by events that indicate that a saccade with a particular direction and amplitude is appropriate.
Thus, QV cell activity is initiated by the onset of target A on single-saccade trials (Figs. 7A, 7C , 8A, 9A ). On double-saccade trials, the particular saccade becomes appropriate only after the first (0 -+ B) saccade and QV cell activity begins after this first saccade (Figs.  70, 8C, SC) . Once initiated, the discharge of QV neurons continues until the saccade occurs (e.g., Figs. 7A, 7C, 70, 8A, 8C, 9A, 9B, SC) or until the saccade is canceled (Figs. 8B, 80, 90) .
The indication that the discharge of QV cells is initiated when a saccade is appropriate even if it is not executed ( field of the cell under study. The effect of this trial is to briefly present a target in the cell's receptive field (at A) just before the monkey looks to another target (at B). If QV cells are visually responsive, then the appearance of a stimulus in the receptive field should elicit a discharge even though the monkey will be making a saccade to another location. If QV cell activity represents an "expectation" of making a saccade of a particular vector, then no discharge should occur since an irrelevant saccade will be executed. Figure 10 shows the response of a QV cell on two 0 + B -+ A visual-test trials. The cell in Fig. 10 is the same QV cell as shown in Fig. 9 . Figure 1OA and B shows the result of 80-ms presentations of a stimulus in the cell's receptive field (at A) just prior to a saccade to B. A vigorous burst of activity occurs about 110-120 ms after the onset of the stimulus at A, even though a saccade to B occurs. This result may be compared to trials shown in Fig. 9A , B, and C. Figure 1OC shows that neither the appearance of a target at B nor a saccade to B is sufficient to activate this cell. Similarly, Fig. 1OD demonstrates that a saccade similar in direction and amplitude to the B -+ A saccade is followed by a weak discharge of only four spikes. Similar results were obtained for all of the other nine QV cells that were tested with this trial type.
These results suggest that QV cells are indeed visually responsive and that an impending saccade of a certain vector is not necessary to produce activation.
The suggestion that QV cell activity may be maintained by events signaling the appropriateness of a saccade with a particular vector is supported by a chance observation made during these experiments. Figure  11 shows the activity of a QV cell (the same cell shown in Fig. 7 ) on a visual-probe (0 -+ 0 + A + 0) trial. On this trial, a target was presented briefly (40 ms) in the cell's receptive field. The monkey was required to maintain fixation of 0 for the duration of the trial. On the trial shown, the monkey held fixation of 0 until the end of the trial (marked by the arrow just after 1.0 s) and then made a saccade to the approximate location of target A about 700 ms later. Vigorous neuronal activity began 70 ms after the onset of the brief target at A and continued at a high level until the end of the trial at 1 s. The cell continued to fire at a lower rate until just after the saccade to the approximate position of A.
DISCUSSION
On double-saccade trials, monkeys were required to look to the location of a visual target presented briefly during fixation even though another saccade intervened. A chance observation of a saccade with a long latency. Figure 10 shows an 0 + 0 + A + 0 visualprobe trial that occurred early in training.
The monkey had performed many thousands of trials that required a saccade to a visual target and only a few trials that required continued fixation of the initial target while another target was flashed. On this trial the monkey held center fixation for over 1 s while a brief (40 ms) target appeared. About 700 ms.after the reinforcement was delivered (arrow), the monkey looked to the approximate location at which target A had appeared.
This figure shows the response of a QV cell (the same cell as in Fig. 7) Thus, a visually dependent SR cell does not require that a visual stimulus be present at the initiation of the saccade; it is necessary only that the target has recently appeared in an area of the visual field that corresponds to the movement field of the cell.
Long-lead S R cells
Fourteen of the 53 SR cells showed clear evidence of sustained activity that could precede a s laccade bY several hundred milliseconds. Long-l ead activity was most often seen on single-saccade trials with Saccade-related cells unusually delayed saccade onsets or prior to the second saccade of a double-saccade Saccade-related cells discharge just prior trial. This long-lead activity is clearly not to saccades within their movement field. visual (see Fig. 6C and 0) . Most SR cells also discharge on doubleMohler and Wurtz (11) observed 15 interhad no effect on either the vigor or prob- trigger signal. Using 0 + A -+ 0 trials in which the duration of the stimulus at A could be varied, Sparks (19) was able to manipulate the probability of eliciting a saccade to A. One class of SC cells generated a high-frequency pulse of activity that was nearly perfectly correlated with the occurrence of a saccade. In addition to this tightly coupled pulsatile activity, some SR cells displayed a prepulse discharge of lower frequency that sometimes preceded the pulse by more than 100 ms. This prepulse activity, seemingly identical to the long-lead activation observed in the present study, was always less vigorous than the SR burst, and was often observed even when no saccade occurred.
The experiments of Mohler and Wurtz (1 l), Sparks (19), and the present study indicate that there is a component of the discharge of SR cells that, while not visual, is only very loosely related to the occurrence of a saccade of a certain vector. This long-lead activity is dissociable from the SR burst of activity shown by many of these cells.
Qimsi-visual cells
Quasi-visual cells are neither visual nor motor in the usual sense. Like visual cells, QV cells respond vigorously, reliably, and with constant latency to the appearance of a visual stimulus in the receptive field. This / response occurs regardless of whether the appearance of the stimulus in the receptive field is followed by a saccade to that stimulus, to another stimulus, or by no saccade at all. Unlike visual cells, QV cells also discharge before certain saccades on doublesaccade trials even though a visual stimulus never appeared in the receptive field. Also, unlike visual cells, QV cells may show prolonged activation to very brief stimulus presentations (20-80 ms). This extended activation does not appear to be due to visual factors alone. Brief stimuli elicit short-duration discharges if the stimulus is not a saccade target (Fig. 8B) , but much longer discharges if the stimulus is a saccade target (Figs. 9B, 11) .
Like most SR cells, QV cells discharge reliably priorto certain saccades even when a visual stimulus did not appear in the receptive field. To activate a QV cell in this way, the saccade must have an amplitude and direction that corresponds more or less to the distance and direction of the receptive field from the fovea. The response of a QV cell differs from that of an SR cell in that neither the onset of the discharge nor the peak spike frequency are tightly linked to saccade onset. On double-saccade (0 + B + C) trials, the discharge of QV cells typically begins after a saccade to the location where target B appeared. It is as if these cells are responding to a target (target C) that is no longer there. Can the discharge of QV cells on double-saccade trials be attributed to a residual trace of target C caused by oscilloscope persistence? This explanation was rejected for the following reasons: 1) The P47 phosphor employed decays to 10% in less than 80 ns; the P31 phosphor in less than 38 ,us. 2) A lowcontrast target was used. Target intensity was low and background intensity was high.
3 ) On double-saccade trials, oscilloscope persistence failed to activate visual neurons, failed to produce a visual component in visual-motor neurons, and failed to activate visually dependent cells. 4 ) 0 + B control trials for the 0 -+ B + 0 double-saccade task show that the QV cell discharge on double-saccade trials cannot be attributed to oscilloscope persistence or to stray images being moved into the receptive field following the 0 -+ B saccade (see RESULTS). 5) 0 -+ B -+ 0 brief target trials serve as an additional control for oscilloscope persistence. A brief-duration target at position B required a saccade (0 + B) to position B and a second (B + 0) saccade to the remembered location of 0. If the B + 0 saccade had a particular direction and amplitude, a discharge of the QV cell preceded the saccade even though the initial fixation target (0) had been extinguished for at least 140 ms. 6) Some QV neurons began to discharge as soon as the eyes arrived at location B (22). Since, on single-saccade trials (whether or not a saccade is made), a neuronal discharge never occurs less than 70 ms after a target appears in the receptive field, this early activation of QV neurons cannot be accounted for by target persistence. Some QV cell properties are similar to those of enhanced visual cells described by Wurtz and his co-workers (7, 25).
According to these investigators, enhancement refers to the increase in vigor of a visual cell's discharge when the stimulus is also used as a saccade target. Two types of enhancement have been described; an early response that appears as an increased initial visual discharge and a late response that takes the form of a prolongation of the visual response. Typically, the late response persists until about 50 ms after the saccade. Enhancement was first thought to reflect an attentional or general target-selection function (7), but recently Wurtz and Mohler (25) have shown that the time of occurrence of enhancement can be manipulated by changing the timing of the signal to make a saccade. Late enhancement can be shifted so as to appear as early enhancement if the signal to make a saccade is anticipated.
Since Wurtz and co-workers frequently give repeated presentations of the same trial type, a procedure that allows monkeys to anticipate the saccade trigger, much of the early enhancement may be due to anticipation of the signal to make a saccade. Wurtz and Mohler (25) concluded that enhancement results from activation of visual cells by those underlying SR cells that have a discharge very loosely coupled to saccades.
Although we have not directly tested for enhancement, there are similarities between QV and enhanced visual cells. Both are found at about the same depth in the SC. They are not the most superficial cells encountered but tend to be above most SR cells. We find a substantial number of QV cells at the level of or slightly below the first SR cells. About one-half of all visual cells recorded by Wurtz show enhancement; slightly more than one-half of our visually responsive cells are classified as QV cells. Late enhancement is a prolongation of a visual response until after a saccade to the stimulus occurs. All of our QV cells fire until a saccade to the visual stimulus occurs, even if the stimulus is very brief. Finally, the temporal course of enhancement is reported to parallel that of eye movements (25). Our double-saccade experiments indicate that much of the QV cell's discharge is also loosely coupled to the saccade.
At least some SC neurons showing the property of enhancement appear to be able to distinguish real from self-induced stimulus movement.
Robinson and Wurtz (14) isolated visually responsive cells that discharged more vigorously to a visual stimulus moving across the receptive field than to a similar stimulus movement on the retina caused by a saccade. The mechanism of this discrimination appears to be a general suppression of the activity of many visually responsive cells that begins during or just after a saccade. This suppression is seen during eye movements in the dark and so appears to be extraretinal in origin. Most of the cells that showed this suppression also showed enhancement.
The discharge of QV cells also shows a reduction of activity after saccades. On 0 + A trials, QV cells always stopped firing just after the saccade to the target (see Figs. 7A, 8A, 9A ). This cessation of activity could be due to the removal of the visual target from the receptive field by the saccade.
However, when a brief target elicits a saccade (as in Fig. 9B (14) suggest that the signal to cease firing may be extraretinal. We cannot address this question directly since we did not study the discharge of QV neurons during spontaneous saccades in the dark.
Whether or not some of the cells we have classified as QV are the same as the enhanced visual cells described by Wurtz and co-workers (7,25), QV and enhanced visual cells appear to reflect similar processes. Both appear to be visually activated and also show a response that is neither purely sensory nor purely motor. Even though the discharge of these cells is not tightly linked to a saccade, the nonvisual component appears to be in a motor rather than a visual frame of reference.
Linkage between visual and saccaderelated activity Re tinocen tric versus spcr tictlly orgmized saccmdes
The question of whether saccades are programmed in a retinocentric or spatial frame of reference is closely related to the problem of sensorimotor linkage. A retinocentric model is far simpler and is even implied by the close correspondence of visual and motor maps of the SC (12, 16). In a retinocentric system, the position of the eye in the orbit (or indeed, the head in space) is irrelevant.
A saccade target appears at some distance and direction from the fovea. The retinal-error signal is transferred more or less directly to an element of the oculomotor system, which is also in a retinocentric frame of reference. The command to this element is simply to move the eye a certain distance and direction. There is no need to take eye position into account since the command is not to move the eye to a specific location in the orbit. The case for a retinocentric system is especially compelling when considering the possible role of the SC in foveation.
The superficial visual cells are retinotopically organized (3, 6, 15 (1) . Hallet and Lightstone (8) have shown that a subject can make a saccade to the location of a target that was briefly flashed during a prior saccade. The computation of the saccade vector to the flashed target cannot be based on retinal error alone, nor can it be programmed before the first saccade. These results indicate that the subject is combining information about the position of the eye in the orbit with the retinal locus of stimulation to determine the vector of the subsequent saccade.
Additional evidence that targets are localized on the basis of both eye position and retinal error can be found in experiments that show that oculomotor control signals can influence the localization of a target with respect to the head or body. Skavenski, Haddad, and Steinman (18) applied a constant load to the eye that was counteracted by the extraocular muscles. This resulted in no significant change in eye position but the additional force produced by the extraocular muscles, if unopposed, would have resulted in several degrees of rotation in a direction opposite to the load. The perceived location of a visual target relative to the body shifted in a direction opposite to that of the load. These results are consistent with theidea that an efference copy of eye position is combined with retinal error to produce the perception of the target's location in space.
A spatial model is required if saccades are directed to a specific location in space and do not simply move the eye in a vector that reduces retinal error. In one such model proposed by Robinson and co-workers (2, 13, 27), saccades to visual targets are computed as follows: First, the image of a visual target on the retina creates a retinal-error signal (i.e., the distance and direction of the target's projection from the fovea). Second, the retinal-error signal is added to an eyeposition signal (probably efference copy) to produce a neural representation of the target's location with respect to the head. Similar operations could also produce a representation in a body or world frame of reference. The fact that a saccade can be made to a remembered target location suggests that this representation of target location in space can be stored in memory. Third, eye-position error is computed by continuously subtracting the current eye position in the orbit from the location of the target with respect to the head. Thus, the eye-position error will indicate, at any time, the distance and direction required of a saccade to direct the eyes toward the target. If there is no change in eye position between the time the target appears and the saccade to it, then retinal error and eye-position error are identical. If the position of the eye changes between the appearance of a target and its acquisition (as in double-saccade trials), then eye-position error and not retinal error will be the appropriate information for the saccadic system. This model implies that there are three representations of a visual stimulus to which a saccade is made. The first is a representation of the stimulus in terms of retinal error. The second representation may combine eye position with retinal error to form a map of the stimulus relative to the head. The third representation is that of eye-position error, the saccade vector required to foveate a target.
There are similarities between the neural elements suggested by Robinson's model and cells found in the SC. Results of the present experiment suggest that the SC contains a retinal-error signal, a representation of eye-position error, and a motor command to correct eye-position error. First, the location of cellular activity in the superficial layers is a map of retinal error. Second, as Keller (9) correct this error does not address a number CONCLUSIONS of crucial questions. There are, as yet, no promising hypotheses concerning the procThese results have important implications ess of target selection. Moreover, the for attempts to describe the role of the SC in mechanism or loci for the transformation the control of saccadic eye movements. The between retinocentric and nonretinocentric presumed linkage, implicit in earlier vercoordinate systems are unknown.
sions The lack of a tight linkage between visual activity in the superficial layers and SR activity in the deeper layers is not unexpected. When the monkey is confronted with a complex visual scene, many regions of the retina and the corresponding regions of the SC are simultaneously activated. The selection of a particular target for fovea1 acquisition may depend on properties of the stimulus (size, shape, color, etc.) to which the visual neurons in the superficial layers of the SC are insensitive.
Furthermore, saccades may be initiated by auditory, tactile, and other nonvisual cues such as the remembered location of a target, which may be in a head or body frame of reference.
Results of the present experiment indicate that the SC participates in saccades to targets localized using retinal-error and eyeposition cues. Models of SC function must be expanded to incorporate these findings.
